This is a study of the physical penetration of reinforced concrete (thickness 20 and 25cm) by a rod shaped penetrator (ratio length/diameter = 6-11) in the impact velocity range 175-250m/s. The inclining of the target is between 0° and 35°. A computational constitutive model for concrete will be validated by experiments. The numerical simulation predicts rather accurately the penetration depth, exit velocity, ricochet as well as mechanical behaviour in stress and failure of the penetrator.
Table I
Hugoniot curve data for initial loading (left) and crushing (right). T-maximum tensile strength, K-bulk modulus, D-damage parameter (D = 1: fully damaged), μ^-value of μ, where the curve with slope Κ intersects the line with constant value 0.0358, μη,,,χ-πιβχίπιωη value of μ previously seen by the zone.
Initial loading characteristic
Crushing: unloading and reloading 
Yield strength
The dimensionless plastic yield strength Y'piastic = Ypiastic^ c is given in 3 according to 1 and 2: This model delivers good results for zones with compression. When the material is expanding in tension, the damage model of B.J. Thorne 5 is applied. The damage increment AD is a function of fracture toughness Kic, initial density p 0 , initial sound velocity c 0 , the damage dependent bulk modulus K, damage dependent
Poisson's ratio v, maximum previous strain rate έ max , and volumetric strain μ:
The idea is that a description of the number of cracks is given by a Weibull distribution form kμ m , with
Weibull exponent m=6 and a factor k given above. The term II stems from a nominal fragment radius derived from energy consideration on a uniformly expanding sphere. The factor ko is based on a reasonable relation between maximum tensile strength and the strain rate for rocks with penny shaped flaws N s =1.12. To assure that unreasonable small values of έ max are not used in the equations above, a material dependent minimum significant strain rate έ m i n is used until έ exceeds έ m j n ~ 20-1000/s. It has to be emphasised that a measure of the probability of fracture at given strain rate and accumulated volumetric plastic strain has been derived with the help of Weibull statistics. An overview of all impact experiments (7 different types of penetrators and two different concrete targets) is given in Fig. 1 and Table 2 . The hollow penetrators have either been filled with high explosive (#1-5 and #13-15) or an acceleration unit, i.e. battery and processor with 140kHz sampling rate, has been placed in the drill hole (#11&12). In some experiments (#6-10) solid monobloc penetrators have been used.
Material input values
Whenever the target has been perforated one is interested where the penetrator has been found. Otherwise, the penetration depth has been measured.
Table 2
Overview of the experiments, target and penetrator geometries (cp. Fig. 1 ). The targets of test #1-3, 5-7, 9, 11, 14 have been perforated. The last two columns show either the penetration depth or the velocity of the penetrator whose double cone nose has just completely passed the back surface of the concrete target.
However, deceleration continues due to the friction between the shell of the penetrator and the perforated concrete.
Test #2,3,4-7,9, and 14 have been performed around the limit impact velocity ν needed for perforation. Table 2 ) in comparison to computational prediction (left). The depth has been measured from a sequence of frames obtained from a ultra high speed camera as shown on the right hand side for test #2 at 100. 300, 500, 700, and 900 microseconds and test #4 at -50, 50, 150, 250, and 350 microseconds after impact. The penetrator of test #4 has been placed inside a body (cp. fig. 4 ).
time after impact [ms]

Fig. 2 compares computational predictions with measurements of test #1-5. It is interesting that in test #4
the target has not been perforated whereas in #5 the penetrator got stuck as shown in Fig. 2 , even though the initial conditions were the same. This difference is due to some statistical effects of the concrete (see section "Damage parameter"). However, the exact position of the impact with respect to the rebars (especially for the face opposite to the impact) may also be decisive for perforation. For tests #3 and #14, the penetrator was found just behind the target. The computation predicts a penetration depth of 16.7 and 18.7c;m, i.e. the tip if the penetrator has just passed the second reinforcement mesh (at a distance of 4cm from the back face of the target, see g 2 in Fig. 1 ). Perforation is probable, because big chunks of concrete have been broken out from the back face.
The measured points on test #4 are on a straight line, because the penetrator has been placed inside a body, so that only the nose of the penetrator is visible on the frames (Fig. 2 , on the right hand side). The mechanism is visible on Fig. 4 : After failure of a predetermined breaking point (150μ5 after impact) the penetrator flies detached from the body. However, 400μ5 after impact, the end of the penetrator is strongly pushed forward, so that the breakage happens in the mid part of the penetrator, i.e. in the transition zone, where the thickness is reduced in a single step from 4mm to 2mm. In test #13, breakage has occurred in a zone between 14.5cm and 19cm behind the tip of the penetrator, whereas the corresponding result of a rough simulation is between 17 and 20cm. During the perforation, the penetrator oscillates. Therefore, the acceleration unit of test #11 returned peak values exceeding the mean values (see Fig. 4 top) . However, the supporting of the acceleration unit inside the penetrator has some damping behaviour resulting in a low pass filter frequency around 15kHz. Thus the thin line (filter frequency 10kHz) is nearly coincident with the dotted line (filter frequency 15kHz). The corresponding simulation (Fig. 4 bottom) shows different behaviour, since the response in the penetrator itself has been evaluated rather than the response in the acceleration unit. Consequently, the simulation returns also high frequency oscillations. Because of the unknown transfer function between penetrator and acceleration unit only a qualitative comparison is given.
Influence of the rebars:
Experiments as simulations clearly showed that the perforation is hardly affected when the penetrator directly hits a rebar near the surface of the impact, because the yield strength of St37 is in the order of the magnitude of the computed yield strength Y 0 . However, a rebar on the back surface has some influence, because of the strongly reduced velocity of the penetrator, so that the resistance inside the concrete is rather low compared to the resistance of St37. In addition, the stress distribution is "guided" by the rebars as shown in Fig. 4 on the right hand side. Especially the rebars near the back surface smear out the load, so that the area involved in penetration resistance grows. Consequently, local high stresses leading to erosion are reduced. 
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CONCLUSIONS
The present finite difference simulation predicts rather accurately the penetration depth and exit velocity.
Even ricochet leading to breakage in the mid part of the penetrator is satisfactorily reproduced. Consequently, the resistance to the penetration inside the concrete and the stress response inside the penetrator can be accurately estimated. However, the concrete has some accidental behaviour, so that around the limit impact velocity for perforation the results of repeated experiments are different. This fact is considered in the simulation by Thorn's damage model, which is a measure of the probability of fracture inside the concrete.
